The radiation resistance matrix allows for the calculation of structurally radiated 1 sound power using a series of measured structural responses. Currently, estimating 2 the radiation resistance matrix requires precise modelling of the structure which, for 3 practical structures, can lead to estimation errors. This paper presents two meth-4 ods for identifying the radiation resistance matrix for a structure using measurable 5 structural and acoustic responses and the solution of an inverse problem. Although 6 well suited to practical, complex structures, to allow the accuracy of the proposed 7 methods of identifying the radiation resistance matrix to be reliably validated, they 
I. INTRODUCTION
In this form, the acoustic field depends only on the volume velocity of the source 14 . This ap-107 proach can be extended to model larger structures and/or higher frequencies by subdividing 108 the surface of the radiating structure into a number of elements 12,14 .
109
In this formulation, it is assumed that the sound radiated by a structure is due to a 
where v is the vector of complex elemental structural velocities, p s is the vector of corre-114 sponding acoustic pressures on the surface of the structure and Z is the matrix of specific 115 acoustic impedances, which incorporates point and transfer impedance terms over the grid 116 of elements. Assuming at this point that the acoustic radiation from each element can be ap-117 proximated as a monopole source radiating into half space, defined by the infinite baffle 6,11 ,
118
the impedance between the i th and j th elements of the matrix Z can be defined as
119
Z ij (ω) = jωρ 0 A e 2πR ij e
where ω is angular frequency, ρ 0 is the density of air, A e is the area of each element, k is 120 the wavenumber and R ij is the distance between the centres of the i th and j th elements. 
where, in the final expression, the impedance matrix, Z, is assumed to be symmetric due As noted above, the radiation resistance matrix completely describes the acoustic radi-
141
ation from a structure. It is possible to gain insight into the physics behind this sound 142 radiation via an eigen-decomposition of the radiation resistance matrix which can be ex-
where Q is the matrix of eigenvectors, in which each row contains the amplitudes of each 145 radiation mode, and Λ is the diagonal matrix of eigenvalues, which are proportional to 146 the radiation efficiencies of the radiation modes. The radiation efficiencies of the first six 147 radiation modes of the baffled plate shown in Fig. 1 have been plotted in Fig. 2 pressure measurements, as well structural measurements, taken when the structure is excited 170 by a distribution of independent structural forces.
171
A. Formulation
172
The sound power radiated from a structure can be expressed in terms of the vectors of 173 particle velocities, u, and acoustic pressures, p, measured on a virtual surface enclosing the 174 structure as
where A e is the area over which the particle velocities and acoustic pressures are measured,
176
divided by the number of measurement positions 18 . It is possible to express the acoustic 177 pressures and particle velocities in terms of the structural responses as
where v is a vector of structural velocities measured on the surface of the structure and 
Expanding this in terms of its real and imaginary parts allows a simplification that gives 
191
The vector of structural responses, v, can be expressed in terms of a distribution of forces,
192
f, and a structural transfer response matrix as the vectors of acoustic pressures and particle velocities can be expressed as
The transfer matrices H p and H u can then be obtained using the directly measurable transfer 200 response matrices, via the solution of two corresponding inverse problems given as
where the superscript † denotes the pseudo-inverse operator. When the number of structural 202 measurements is equal to the number of forces, so that H s is a square matrix, Eqs. 12 can specific solution to the pseudo-inverse will also be discussed in more detail.
211
B. Simulation based investigation
212
In this section, the radiation resistance matrix is estimated, via the proposed inverse 
219
In order to assess the performance of the proposed identification method, the accuracy of 220 the sound power estimated using the radiation resistance matrix is compared to the directly The estimated radiation resistance matrix, R, is initially calculated using the modelled method as the number of forces and/or sensors is altered, the sound power calculated using 252 the proposed radiation resistance matrix is compared to the directly evaluated sound power.
253
In the first instance, the number of structural sensors used to estimate the radiation Finally, the effect of reducing the number of acoustic sensors has been investigated. In the
304
following simulation results, the number of structural sensors and forces was fixed at eight 305 per the shortest acoustic wavelength, whilst the number of uniformly distributed particle 306 velocity and acoustic pressure measurements was decreased. In this case, the matrix H s 307 is square and, therefore, the direct inverse solution can be used. Fig. 9 shows the sound 308 power calculated using the estimated radiation resistance matrix as the number of acoustic 309 measurements is reduced. From these results it can be seen that the accuracy of the sound 310 power estimate is largely unaffected as the number of acoustic measurements is decreased. to around 400 Hz, but it is important to initially assess within the simulation environment 335 the impact of reducing both forces, and structural and acoustic sensors simultaneously.
336
The proposed configuration corresponds to 12 forces and 12 structural and acoustic sensors 337 uniformly distributed over the plate and the accuracy of the sound power estimate achieved 338 when using this arrangement to identify the radiation resistance matrix for the simulated 339 plate is shown in Fig. 10 . These results show that the estimate identifies the majority of the estimation is expected to be accurate (f < 400 Hz) and suffer from errors (f > 400 Hz). 
C. Experimental Validation

345
Based on the simulation study carried out above, an experimental rig has been built to A loudspeaker enclosed in the sealed cavity below the plate, shown in Fig. 11(b) , was 357 used to excite the plate acoustically. The radiated sound power was then calculated directly 358 using the measured pressure and particle velocities as in Eq. 6, and using the radiation 359 resistance matrix estimated using the proposed method, formulated in Section III A. and the peak at around 50 Hz is due to the resonance of the actuators. From these results
363
it can be seen that, at frequencies below around 400 Hz, the identified radiation resistance 
IV. INVERSE ESTIMATION OF THE RADIATION RESISTANCE MATRIX US-
371
ING PRESSURE AND STRUCTURAL VELOCITY MEASUREMENTS
372
In practical applications, it may be beneficial to avoid the requirement to measure the 373 acoustic particle velocity, which requires a costly measurement probe. This can be achieved 374 by assuming that the velocity of the vibrating structure is equal to the acoustic particle As suggested above, by making the approximation that the structural velocity, v, is equal to the particle velocity, u, immediately in front of it, the matrix of responses between structural velocities and acoustic particle velocities, H u , becomes equal to an identity matrix.
In this case, following the derivation presented in Section III A, the radiated sound power can be approximated as
where the radiation resistance matrix in this case is R p = (A e /2) IRe[ H p ]. As detailed in
382
Section III A, the transfer response matrix, H p , cannot be directly measured and must be 383 estimated through the solution of an inverse problem, which is given by the first part of Eq.
384
12.
385
It should be noted that the approximation in Eq. 15 relies on the assumption that the 386 structural velocities are equivalent to the particle velocities measured at the same points as 387 the acoustic pressures. Thus, if it were possible to measure the pressures on the surface of 388 the structure, as assumed in the theoretical formulation in Section II, then this assumption 389 would be perfectly accurate. However, in practice, the pressures will be measured at a finite 390 distance from the surface of the structure and this assumption will only be approximate; radiation resistance matrix identified using the method outlined in Section IV A has been 
C. Experimental validation
413
In this section, the sound power radiated from the acoustically excited plate shown in can be seen from these results that the estimated sound power, again, is reasonably accurate.
420
In this case, the majority of the resonance frequencies have been identified, however, the level 421 of the sound power estimate, across the presented frequency range, is slightly less accurate 422 than when calculated using the radiation resistance matrix that utilises the particle velocity 423 in the identification process. This is due to the approximation used in the present method,
424
which assumes that the structural velocity is equal to the acoustic particle velocity. 
V. CONCLUSIONS
428
The radiation resistance matrix allows for an accurate estimation of the sound radia-429 tion from a structure using only structural measurements. but no knowledge about the operational structural excitation is assumed.
445
To assess the limits on the accuracy of the proposed radiation resistance matrix identi- 
458
Although the requirements in terms of the density of forces and sensors used in both 459 methods are equivalent, it has also been shown that the second method, which makes the 460 assumption that the structural velocity is equal to the particle velocity, is also sensitive to situations than the identification method that requires both acoustic pressure and particle 467 velocity measurements.
468
Finally, to validate the simulation-based study, an experimental rig was set up to measure 
